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Abstract
Background: Transient expression of proteins in plants has become a favoured method over the production of
stably transformed plants because, in addition to enabling high protein yields, it is both fast and easy to apply. An
enhancement of transient protein expression can be achieved by plant virus-encoded RNA silencing suppressor
proteins. Since viral suppressor proteins differ in their efficiency to enhance transient protein expression in plants,
we developed a whole-leaf green fluorescent protein (GFP)-based imaging assay to quantitatively assess suppressor
protein activity.
Results: In a transient GFP-expression assay using wild-type and GFP-transgenic N. benthamiana, addition of the
plant viral suppressors Beet mild yellowing virus (BMYV-IPP) P0 or Plum pox virus (PPV) HC-Pro was shown to
increase fluorescent protein expression 3-4-fold, 7 days post inoculation (dpi) when compared to control plants. In
contrast, in agroinfiltrated patches without suppressor activity, near complete silencing of the GFP transgene was
observed in the transgenic N. benthamiana at 21 dpi. Both co-infiltrated suppressors significantly enhanced GFP
expression over time, with HC-Pro co-infiltrations leading to higher short term GFP fluorescence (at 7 dpi) and P0
giving higher long term GFP fluorescence (at 21 dpi). Additionally, in contrast to HC-Pro co-infiltrations, an area of
complete GFP silencing was observed at the edge of P0 co-infiltrated areas.
Conclusions: Fluorescence imaging of whole intact leaves proved to be an easy and effective method for spatially
and quantitatively observing viral suppressor efficiency in plants. This suppressor assay demonstrates that plant viral
suppressors greatly enhanced transient GFP expression, with P0 showing a more prolonged suppressor activity
over time than HC-Pro. Both suppressors could prove to be ideal candidates for enhancing target protein
expression in plants.
Background
In recent years the transient expression of proteins in
plants has become a favoured procedure over the gen-
eration of stably transformed transgenic plants to
achieve high levels of protein expression. In contrast to
the time-consuming procedure involved in engineering
transgenic plants, transient expression methods are
more convenient and allow high level protein produc-
tion in as little as a few days [1,2]. Transient production
of proteins is mediated by the introduction of an expres-
sion construct into plants which leads to a strong
increase in protein synthesis [3]. For high level protein
expression, these constructs are preferably under control
of a constitutive promoter, e.g. Cauliflower mosaic virus
(CaMV) 35S [4], or the protein of interest is included
into a modified plant viral expression vector [1,5].
Whatever expression system is used, a normal prerequi-
site is the testing of such constructs for their expression
efficiency in specific host plants, mainly Nicotiana ssp.,
known to give high protein yields [6]. Such efficiency
tests often include easy to detect and quantifiable mar-
ker proteins. One of these proteins, which does not
require any substrate or co-factors, is the green fluores-
cent protein (GFP), originally isolated from the jellyfish
Aquorea victoria [7-9].
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tive marker in plants and other organisms. Quantifica-
tion of GFP expression in plants requires either anti-
GFP antibody for immunological assays or a device able
to detect and measure GFP fluorescence [10]. Depend-
ing on the experimental layout, a number of different
GFP imaging devices and methodologies are currently
used, from conventional hand-held UV lamps, through
confocal laser-scanning microscopes, some of which also
allow for quantitative GFP expression analysis [11-13].
Detection and quantification of GFP is often hampered
by auto-fluorescence of plant tissues, which is mainly
due to chlorophyll [14]. However, interference by auto-
fluorescence of plant tissues can often be reduced or
eliminated by specific optical filters [15].
With plant expression systems, high levels of protein
synthesis are often impeded by transcriptional or post-
transcriptional gene silencing (PTGS) mechanism of the
plant [16] leading to a rapid decline in protein yield
after the plant’s RNA silencing mechanism is triggered.
This mechanism is a defence response against external
nucleic acids, e.g. plant viruses or artificially introduced
transient expression constructs [17]. RNA silencing
leads to a sequence specific degradation of RNA and
subsequently to a reduction of gene product. Most
known plant viruses have been found to counteract the
RNA silencing mechanism in plants by encoding silen-
cing suppressor proteins [18]. It has been shown that
most plant virus silencing suppressors operate by modi-
fying the accumulation and/or activity of short RNAs,
which are a regulatory element in the RNA silencing
mechanism [18]. In transient expression assays the silen-
cing effect can be reduced by co-expressed plant viral
silencing suppressors [1,19-25], which interfere with the
RNA silencing machinery and lead to an increase in
transiently expressed proteins [3,26].
We report here the differences in efficiency of two
plant viral suppressors, Beet mild yellowing virus P0
(BMYV-P0) and Plum pox virus HC-Pro (PPV-HC-Pro),
using a novel whole leaf fluorescent imaging methodol-
ogy, and demonstrate that over time both viral suppres-
sor proteins can significantly effect GFP expression for
up to 21 days post-agroinfiltration. The HC-Pro of poty-
viruses is an extensively studied viral protein and its
suppressor activity has been demonstrated [27,28]. How-
ever, variation in P0 suppressor activity between differ-
ent isolates of the polerovirus BMYV has been shown
only recently [29]. We further investigated P0 suppres-
sor activity using an additional BMYV isolate (BMYV-
IPP) of which the only infectious BMYV full-length
clone is available [30].
For the suppression assays we used an imaging system
routinely used for in vivo animal imaging (IVIS
®
Lumina II, Caliper Life Sciences), demonstrating its
equal utility for monitoring gene expression in plants.
The system allowed us to quantitatively monitor GFP
intensity spatially over the surface of plant leaves and
effectively show plant virus suppressor activity.
Results
Quantitative analysis of transgene and transient GFP
expression from intact leaves
In order to verify whether our imaging system was sui-
table to detect GFP expression from plant tissue, leaves
of GFP-transgenic and non-transgenic N. benthamiana
plants of the same age were harvested and observed
simultaneously side-by-side. The transgenic N.
benthamiana line 16c contains a single copy of a trans-
gene encoding GFP. These plants accumulate high levels
of GFP and their leaves and stems fluoresce green under
UV illumination. Through selection of a GFP-filter set,
transgenic and non-transgenic leaf samples could easily
be discriminated. Using the standard settings of the sys-
tem, non-transgenic leaves showed only background
emissions. In contrast, leaves of transgenic plants
showed GFP-derived fluorescence throughout the entire
leaf area (Figure 1A+B). As one would observe with a
conventional hand-held UV lamp, higher GFP-fluores-
cence could be detected in petioles, leaf midribs and leaf
veins, as auto-fluorescence in these areas of the plant is
reduced due to a lower content of competing
Figure 1 Epi-fluorescence emission images of GFP-transgenic
and non-transgenic N. benthamiana leaf samples. Overlay
capture of a plain black/white photograph and the overlaid
efficiency image of complete leaves from non-transgenic (A) and
GFP-transgenic (line 16c, B) plants using the GFP filter settings of
the imaging system. Arrows indicate detected auto fluorescence of
necrotic tissue at the onset of the syringe on the same leaf from a
GFP-transgenic plant agroinoculated with a GFP-expressing
construct using GFP (C) or dsRed (D) filter settings.
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quantitative analysis of GFP expression, the measure-
ments in the imaging system were normalized by using
an instrument-specific reference image. The data is
therefore not displayed as photon counts per area, but
as average efficiency. The average efficiency has no units
and represents the ratio of emitted to incident light. In
GFP-transgenic leaf tissues the average efficiency was
about 20 times higher than in non-transgenic control
samples.
In order to detect plant viral silencing suppressor
activity, leaves of GFP-transgenic plants were infiltrated
with recombinant Agrobacterium-suspensions. The infil-
tration procedure made use of a syringe without needle,
which inevitably leads to damage of leaf tissue. Auto-
fluorescence of damaged leaf tissue in the infiltrated
areas can interfere with accurate detection and quantifi-
cation of GFP fluorescence [31]. Transgenic leaves infil-
trated with Agrobacterium- suspensions, which allow for
transient GFP expression (pBinGFP) were therefore
examined in the system using GFP- and dsRed filter set-
tings. Whereas autofluorescence of damaged leaf tissue
will be detected by both filter settings, the dsRed filter
covers wavelengths outside that of GFP and will not
detect GFP fluorescence but only autofluorescence of
damaged leaf tissue. Using the dsRed filter settings no
transgene derived or transiently expressed GFP fluores-
cence was detected and only at the attaching point of
the syringe used for infiltration, autofluorescence caused
by necrotic plant tissue was observed (Figure 1C+D).
As the standard GFP-filter of the imaging system
allowed a detection of GFP-expression, we further deter-
mined if the imaging system allows for an accurate
quantification of GFP-expression in intact leaf tissue.
For that, transient GFP-expression was measured 3 and
8 dpi in wild-type non-transgenic N. benthamiana
leaves which were agroinfiltrated with a mixture of
recombinant Agrobacterium harbouring binary CaMV
35S promoter driven expression constructs expressing
GFP (pBinGFP) or the plant viral suppressor PPV HC-
Pro (pBinHCPro). As a control, an empty expression
construct (pBin) was included. Agroinfiltration of
pBinHCPro/pBinGFP and pBin/pBinGFP mixtures were
done on either side of the leaf midrib to allow GFP
quantification in the same leaf. The GFP-expression of
identical leaf tissues was measured first in the imaging
system and then after protein extraction compared to
detectable GFP by immunoblot analysis (Figure 2A). In
agroinfiltrated patches, the average efficiency of GFP
expression was already 2 times higher at 3 dpi and 7.5
times higher at 8 dpi in patches co-infiltrated with PPV
HC-Pro compared to patches without HC-Pro (Figure
2B). Moreover, the amount of detectable GFP increased
substantially in PPV HC-Pro co-infiltrated patches
between 3 and 8 dpi, whereas the amount of detectable
GFP in patches without suppressor clearly decreased.
The quantitative results obtained by the imaging system
were verified by quantitative immunoblot analysis of
detectable GFP in the respective agroinfiltrated patches.
As detected by the imaging system, the same clear dif-
f e r e n c eo fd e t e c t a b l eG F Pin patches with or without
suppressor activity at both time points could be
observed by immunoblot analysis (Figure 2A).
Enhancement of GFP expression by PPV HC-Pro in GFP-
transgenic N. benthamiana over time
G i v e nt h a tt h ei m a g i n gs y s t e mp r o v e dc a p a b l et oa c c u -
rately assess GFP fluorescence from plant tissue, we
Figure 2 Comparison of GFP expression detectable by
immunoblots and the imaging system. (A) Identical leaf areas
were used to detect and directly compare transient GFP expression
in non-transgenic N. benthamiana by immunoblots and the imaging
system (IVIS) at 3 dpi (top) and 8 dpi (bottom), respectively. The
control samples in the first two lanes show GFP detected in non-
transgenic (WT) and GFP-transgenic N. benthamiana (16c). For each
time point, three leaf samples agroinoculated on the same leaf with
pBinGFP/pBin (-) and pBinGFP/pBinHCPro (+) are shown. Below
each immunoblot sample the magnified pixelated leaf region of the
identical sample as measured by the imaging system is shown
indicating the average efficiency of GFP expression. Grey pixels
indicate complete silencing of the transiently expressed GFP. (B) The
average efficiency of GFP expression at 3 (n = 8) and 8 dpi (n = 9)
in pBinGFP/pBin (-HC-Pro) and pBinGFP/pBinHCPro (+HC-Pro)
agroinfiltrated leaf patches of non-transgenic N. benthamiana as
measured in the imaging system. The average x-fold increases
between patches with and without HC-Pro are indicated.
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suppressor PPV HC-Pro to enhance GFP fluorescence in
the Agrobacterium-based co-infiltration assay over a
longer period of time. Leaves of GFP-transgenic N.
benthamiana were agroinfiltrated with pBinHCPro/
pBinGFP and pBin/pBinGFP mixtures on either side of
the leaf midrib (Figure 3). The GFP-transgenic N.
benthamiana 16c was chosen as not only it allows mon-
itoring of the RNA silencing suppression effect on the
transiently expressed GFP (pBinGFP) but also on the
stable transgenic GFP-expression. Detection and quanti-
fication of GFP fluorescence of the agroinfiltrated leaves
w a sd o n ea t3 ,5 ,7 ,1 3a n d2 1d p ii nt h ei m a g i n g
system.
At 3 dpi, transient expression of GFP could be
observed in the infiltrated patches. This was detectable
by a higher average efficiency in infiltrated patches
compared to the surrounding non-infiltrated tissues.
There were no significant differences in average effi-
ciency of GFP expression between pBinHCPro/
pBinGFP and pBin/pBinGFP infiltrated tissues. At 5
dpi, there was already a significant difference in aver-
age efficiency between the two variants with pBinHC-
Pro/pBinGFP infiltrated tissues showing a two times
higher GFP- fluorescence than the control infiltrated
patches. At 7 dpi agroinfiltrated patches with HC-Pro
expression showed on average a 4.5-fold higher GFP
fluorescence than patches without suppressor activity
o nt h es a m el e a f( F i g u r e3 ) .T h eG F Pe x p r e s s i o ni nt h e
patches without co-agroinfiltrated HC-Pro was at that
time point already slightly below that of the surround-
ing non-infiltrated plant tissue (Figure 3) indicating a
successful silencing effect on the transgene and transi-
ently expressed GFP, respectively. At 13 dpi the aver-
age GFP signal decreased by 39% and 34% in patches
without and with co-infiltrated HC-Pro, respectively.
However, HC-Pro co-infiltration still showed to a 5-
fold increase in GFP signal. In patches without sup-
pressor activity, areas were detected in which transient
and transgene GFP expression was not detectable at all
(Figure 3, interspersed grey areas without color coded
pixels). In all agroinfiltrated patches without suppres-
sor activity, GFP intensity was lower than in the sur-
rounding GFP-transgenic tissues. At 21 dpi the GFP
intensity decreased further in agroinfiltrated patches
without and with suppressor activity, respectively, but
HC-Pro agroinfiltrated patches still showed a 3-fold
higher GFP signal than the control (Figure 3). Similar
and more obvious to the observations on 13 dpi, in
patches without suppressor activity the GFP expression
seemed to be completely silenced or greatly reduced
below normal GFP-transgene level expression at 21 dpi
(Figure 3). Except for 3 dpi, at all other time points
measured patches co-agroinfiltrated with PPV HC-Pro
always showed a significant higher average efficiency in
GFP expression than the control.
Small necrotic lesions around the periphery of the
attaching point of the syringe for agroinfiltration were
present in both, pBinHCPro/pBinGFP and pBin/
pBinGFP infiltrated areas. No differences in autofluores-
cence as detected by dsRed filter settings were observed
between both variants.
Enhancement of transient GFP expression by BMYV P0 in
GFP-transgenic N. benthamiana over time
In parallel to the measurements using PPV HC-Pro as a
suppressor the efficiency of BMYV-IPP P0 to enhance
GFP expression in a transient assay was tested.
Similar to what was observed for PPV HC-Pro, the
average efficiency of GFP fluorescence in pBinP0/
pBinGFP and pBin/pBinGFP agroinfiltrated tissues was
not significantly different at 3 dpi. However, at 5 dpi the
GFP-fluorescence in tissues with P0 activity was 1.3-fold
higher than in control tissues. Similar to what was
observed for HC-Pro, the GFP signal detected in agroin-
filtrated patches was on average 3-fold higher in patches
co-infiltrated with P0 compared to controls at 7 dpi
(Figure 4). In patches without P0 activity the GFP signal
was below that of the surrounding GFP-transgenic leaf
tissue and in some areas not detectable at all (Figure 4).
At 13 dpi the overall GFP-intensity in all patches
decreased by 42% and 26% without or with P0 co-infil-
tration, respectively, but was still 8-fold higher in P0 co-
infiltrated areas. Areas without detectable GFP-expres-
sion were seen to increase in control infiltrations with-
out suppressor activity (Figure 4). At 21 dpi GFP-
intensity in P0 agroinfiltrations was still 6-fold higher
than in patches without suppressor activity, where in
the later case some patches did not show any GFP
expression at all. Even if the general GFP-intensity
between 13-21 dpi decreased in P0 infiltrated patches it
was on average still 50% higher than in comparable HC-
Pro agroinfiltrations. In contrast to HC-Pro, P0 agroin-
filtrated patches showed a great reduction of GFP inten-
sity bordering the agroinfiltrated tissue. This silenced
ring could easily be detected using the imaging system
as a grey circle surrounding the infiltrated patch (Figure
4, 21 dpi).
Discussion
The IVIS
® Lumina II optical imaging system, used pre-
dominantly for non-invasive biophotonic imaging in
rodent animal models [32,33], proved to be an ideal tool
for the quantitative analysis and spatial distribution of
GFP expression in leaves of N. benthamiana plants. Uti-
lizing the standard GFP filter settings and software of
the system we were able to greatly reduce the back-
ground fluorescence from chlorophyll in the plant
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Page 4 of 9Figure 3 Comparison of PPV HC-Pro and BMYV-IPP P0 suppressor efficiency. Overlay capture of a plain black/white photograph and the
overlaid efficiency image from GFP-transgenic leaf samples agroinoculated with pBinGFP/pBin (control, left side of leaf midrib) and pBinGFP/
pBinHCPro or pBinGFP/pBinP0, respectively (right side of leaf midrib). Samples are taken on 3, 5, 7, 13 and 21 dpi. Colour bars show the average
efficiency and min. and max. values between different time points are different but always identical for samples at the same time point. The
white arrow indicates an area of completely GFP-silenced tissue (silencing ring) characteristic for P0 suppressor activity.
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matic when imaging GFP reporters [14]. The imaging
system allowed us to rapidly analyse a high number of
whole leaf samples under identical conditions in a quan-
titative manner and accurately assess plant viral suppres-
sors of silencing. The quantitative analysis using the
imaging system was successfully confirmed by immuno-
blot analysis.
Routinely, analysis of plant viral suppressor efficiency
is done via agroinfiltration assays that utilize GFP as a
visual marker [26]. The simultaneous agroinfiltration of
a GFP and suppressor-expressing construct in compari-
son to infiltrations without suppressor is often the first
procedure in establishing a suppressor activity of a spe-
cific protein. In these assays, the suppressor activity of a
given protein or molecule will ideally delay the plant-
derived silencing effect which can be monitored by
enhancement and elongation of transiently expressed
markers like GFP. Nevertheless, these assays tend to be
more qualitative rather than quantitative [3]. Depending
on the experimental layout, different GFP detection
methods are currently used, including a conventional
hand-held UV lamp, fluorometers, fluorescent immu-
noassays, laser-induced fluorescent spectroscopy, fluor-
escence microscopy or confocal laser-scanning
microscopy, some of which allow for quantitative GFP
expression analysis [10-13]. Our results show that whole
lamina imaging in an optical imaging system such as the
IVIS
® Lumina II allows an accurate assessment of GFP-
expression to be determined in plants, and that this
methodology is highly applicable to the widely used
agroinfiltration assay. Expression of GFP is accurately
measured by the imaging system as was shown when
comparing to GFP detection by immunoblot analysis.
Other recently described procedures for the quantifi-
cation of suppressor activity are based on particle bom-
bardment of bean cotyledon tissue [3,22]. However, the
latter method does not allow spatial reporter expression
to be assessed, such as the development of a silencing
ring around infiltrated patches. Additionally, keeping in
mind that whole plant agroinfiltration procedure might
be combined with a suppressor to increase and extend
foreign target protein expression [25], particle bombard-
ment assays might not reflect the same suppressor activ-
ity as in agroinfiltrations.
Our results are in line with earlier reports and showed
that without co-agroinfiltrated suppressors, GFP-expres-
sion in transgenic and non-transgenic N. benthamiana
declines rapidly after a peak at 3-4 dpi. This was
detected in GFP-transgenic and non-transgenic plants.
Moreover, in our assay GFP silencing continued until
GFP expression can no longer be detected (transient
and transgenic) at 21 dpi in our assay. We did not
detect transient GFP-expression, with or without added
s u p p r e s s o r ,a f t e r2 4h o u r s[ d a t an o ts h o w n ]a si tw a s
described earlier using a particle bombardment assay
[3,22]. This difference might be due to the delivery pro-
cedure itself or the plant species or tissue used.
When comparing PPV HC-Pro suppression activity
between GFP-transgenic and non-transgenic N.
benthamiana we observed a similar pattern in increase
or decrease of GFP expression over time. Nevertheless,
a doubling of GFP expression in patches with HC-Pro
activity when compared to the control on the same leaf
was reached in non-transgenic plants two days earlier
than in GFP-transgenic plants. Similarly, the GFP
expression status with or without HC-Pro detected at 8
dpi in non-transgenic plants was comparable to the one
in GFP-transgenic plants on 13 dpi. This might simply
reflect the constitutive GFP expression in transgenic
plants which will mask to some degree the effect of HC-
Pro suppression activity on transiently expressed GFP.
Similar to what was described for Beet western yellows
virus-derived P0 and Potato virus Y-derived HC-Pro
[34], at 5 dpi GFP-expression in patches co-infiltrated
with PPV HC-Pro or BMYV-IPP P0 suppressors was
greatly enhanced in contrast to patches without suppres-
sor. This enhancement by PPV HC-Pro and BMYV-IPP
P0 was detectable until 21 dpi (the last time point) with
HC-Pro and P0 leading to highest GFP intensities at 7
dpi or 13 dpi, respectively. The marked differences
between both PPV HC-Pro and BMYV-IPP P0 suppres-
sors are (i) a higher average GFP-intensity induced by
Figure 4 PPV HC-Pro and BMYV-IPP P0 suppressor activity at 3,
5, 7, 13 and 21 dpi. Diagram showing the mean difference in
average efficiency of control (pBinGFP/pBin) and pBinGFP/
pBinHCPro (black square) or pBinGFP/pBin P0 (white square)
agroinoculated GFP-transgenic leaf patches at 3, 5, 7, 13 and 21 dpi.
Differences were calculated for each individual leaf and then
combined as mean difference of average efficiency. The standard
error is indicated and the number of samples (n) per time point
was as follows (HC-Pro/P0): 3 dpi (n = 7/14), 5 dpi (n = 13/17), 7 dpi
(18/18), 13 dpi (8/8) and 21 dpi (9/6).
Stephan et al. Plant Methods 2011, 7:25
http://www.plantmethods.com/content/7/1/25
Page 6 of 9PPV HC-Pro at 7 dpi, (ii) BMYV-IPP P0 leading to a
more prolonged suppressor activity than HC-Pro, which
may be explained by P0 being more stable or a more
efficient suppressor than HC-Pro, as was previously sug-
gested for BWYV P0 [34] and (iii) BMYV P0, similar to
BWYV P0 and in contrast to HC-Pro, does not suppress
cell-to-cell spread of the silencing signal from agroinfil-
trated tissues, indicated by the observed silencing ring
around agroinfiltrated tissues [35]. These observations
reflect the different modes of action reported for HC-
Pro and P0 in suppression of RNA silencing: whereas
HC-Pro binds small RNAs and therefore impedes their
loading onto the RISC complex and cell-to-cell spread,
P0 mediates ARGONAUTE1 degradation, a key compo-
nent of the RISC complex itself, and therefore does not
interfere with cell-to-cell movement of the silencing sig-
nal [36].
An interesting observation is the increasing standard
derivation (Figure 4) of the difference in average effi-
ciency between 7 and 21 dpi in samples co-agroinfil-
trated with the suppressor P0 which was not detected in
that instance for HC-Pro or between controls. The dif-
ference in average efficiency reflects the comparison of
measurements between the control and suppressor on
individual leaves. Even if not statistically significant, the
increasing variation of P0 suppressor efficiency to the
end of the experiment might reflect a higher depen-
dence of P0 suppressor activity on the individual status
of a leaf or plant.
This is the first combined qualitative and quantitative
description of BMYV-IPP P0 and PPV HC-Pro suppres-
sor activity in plants, adding the P0 of the only infec-
tious BMYV full-length cDNA clone [30] to the list of
effective beet- infecting poleroviral suppressors [29].
Conclusions
Using quantitative fluorescent imaging of intact leaf
lamina, we were able to accurately assess plant viral sup-
pressor activity both spatially and longitudinally in GFP-
transgenic and non-transgenic N. benthamiana.T h i s
imaging approach should provide an excellent metho-
dology to analyse other viral suppressors and com-
pounds for their ability to enhance protein expression in
plants. The procedure enables a large number of sam-
ples to be rapidly analysed and opens up the possibility
of allowing automated measurements over time, which
would be appealing for many areas of plant research.
Furthermore, since the imaging system was designed to
allow multiple optical reporters, fluorescent and biolu-
minescent, to be visualized simultaneously, several dif-
ferent dynamic/molecular events could be recorded
together. Both, PPV HC-Pro and BMYV-IPP P0 were
shown to be useful to enhance and extend GFP-expres-
sion in N. benthamiana making them possible
candidates for co-agroinfiltrations in small and large-
scale plant expression systems. Plum pox virus HC-Pro
might be used in expression systems where the target
protein needs to be harvested early after infiltration, e.g.
if it is not stable in plants, and as BMYV P0 seems to
have a prolonged suppressor activity it might be co-
agroinfiltrated with any target protein construct to allow
high protein yields.
Methods
Plasmid constructs
Binary plasmids pBin61S (pBin) and the PPV HC-Pro
containing pBinPPVHC-Pro were already described ear-
lier [18,28]. For the construction of pBinBMYVP0, the
BMYV-IPP ORF0 coding region was PCR-amplified
using the infectious BMYV-IPP full-length cDNA clone
[30] as the template. PCR-added restriction enzyme
recognition sites (BamHI/XbaI) allowed cloning of the
P0 coding region between the left and right border
sequences of the binary vector containing a CaMV 35S
promoter and termination signal.
Plant material and agroinfiltration
Plants of the constitutively GFP-expressing N. benthami-
ana line 16c [37] were grown in controlled greenhouse
conditions at 25°C/16 h day and 20°C/8 h night time
conditions. Plants were grown in sand with controlled
irrigation, supplemented with nutritional solution. Plas-
mid constructs were electroporated into Agrobacterium
tumefaciens strain C58C1. Leaf infiltrations with recom-
binant bacterial suspensions were mainly done as
described earlier [38]. The Agrobacterium cultures were
resuspended in buffer (100 mM MgCl2, 100 mM MES
and 100 μM acetosyringone) to a final OD600 of 0.5. In
the co-infiltration experiments the pBinGFP containing
suspension was mixed with either pBin (control),
pBinHCPro or pBinP0 in a 1:3 (GFP:suppressor or con-
trol) ratio. On each leaf, patches of about 2-3 cm were
infiltrated into lower leaf surface with suspensions con-
taining pBinGFP/pBin on one side of the midrib or
pBinGFP with one of the suppressor constructs
(pBinGFP/pBinHCPro or pBinGFP/pBinP0) on the
opposite side of the midrib by using a syringe without
needle. Green fluorescent protein transgenic Nicotiana
benthamiana were agroinfiltrated at a 4-6 leaves stage.
Complete leaves of a comparable age were harvested at
1, 3, 5, 7, 13 and 20 dpi and used for image data acqui-
sition and analysis by comparing the two infiltrated
patches on each leaf.
Serological GFP expression analysis
Leaf material from individual agroinoculated patches
was excised and used for serological GFP expression
analysis. Immunoblot detection of GFP was performed
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denaturing SDS-PAGE gel. Following the electrophor-
esis, the protein was transferred to a PVDF membrane
(Amersham Highbond-P, GE Healthcare) using a semi-
dry blotter (Trans-Blot SD, Biorad). GFP protein was
then detected using commercial antibodies according to
the manufacturer’s instructions (Invitrogen, SKU# A-
6455).
Quantitative GFP expression analysis
Quantitative and qualitative analysis of GFP-expression
w a sd o n eb yu s i n gt h eI V I S
® Lumina II imaging and
the Living Image software version 3.0 (Caliper Life
Science). The GFP filter sets in the system include an
emission filter (515-575 nm), excitation filter (445-490
nm) and a background filter (410-440 nm). The blue-
shifted background filter emits light at a shorter wave-
length. The system was set-up with the following para-
meters using the locked GFP- or dsRed filter for the
fluorescent image: subject height 0.5 cm, exposure time
0.5 seconds, binning medium, f/stop 2, field of view
12.5 cm and lamp level high. For each sample a black
and white photograph was taken using the automatic
setting for the exposure time, binning medium and f/
stop 16. The infiltrated patches were individually
marked as regions of interest (ROI) in the Living Image
software. The ROI allows a measurement of the average
GFP fluorescence in a defined area. To allow a quantita-
tive analysis, GFP fluorescence was presented as effi-
ciency and not total photon counts per area. The
detection of fluorescent signals emitted from a sample
depends on the amount of fluorophore present in the
sample and the intensity of the incident excitation light.
The excitation light incident on the sample stage is not
uniform over the field of view as it peaks in the centre
of the field of view and declines to the edges. By using
the software internal efficiency feature the extinction
light will be eliminated as a variable from the measure-
ment by normalizing the data with an instrument speci-
fic calibrated reference image. The data presented here
is displayed as average efficiency and has no units and
represents the ratio of emitted to incident light. The
efficiency number for each pixel displays the fraction of
fluorescent photons relative to each incident excitation
photon and is typically in the range of 10
-2 to 10
-9.I n
the ROI measurements described here the average effi-
ciency within a ROI is the efficiency per pixel integrated
over the ROI area in cm
2. The ROI measurements were
made for the two infiltrated patches per leaf separately.
For each leaf, the difference in average efficiency
between control and suppressor treatment was deter-
mined. Each leaf was photographed with and without
GFP filter settings and the software generates an overlay
picture, which could be qualitatively analysed (e.g.
detection of silencing ring).
Data analysis
The obtained data was statistically analysed to allow
comparisons of measurements on the same leaf (paired
t-test) but also between HC-Pro and P0 suppressor of
silencing treated plants. An F-test for homogeneity of
variances and a t-test with Bonferroni adjustment to
control type I error rates with multiple t-tests at a 95%
confidence level was done to determine significances
between the independent treatments with the two
suppressors.
Acknowledgements
We thank David Baulcombe for kindly providing GFP-transgenic N.
benthamiana plants (16c) containing the GFP gene. We are grateful to
Dániel Silhavy, Mark Varrelmann and Edgar Maiss for providing plasmids
pBin61S-gfp, pBin61S and pBinPPVHC-Pro. We thank Chrystine Solofoharivelo
and Hano Maree for critical reading of the manuscript and Theo Pepler for
advice on statistical analysis of the data.
Author details
1Department of Genetics, Stellenbosch University, Private Bag X1, 7602
Matieland, South Africa.
2Caliper Life Sciences, 2061 Challenger Drive,
Alameda, CA 94501, USA.
Authors’ contributions
DS drafted the manuscript, designed the study and carried out
agroinoculations of the different constructs with CS, made the
measurements in the Ivis Ilumina System and interpreted the data. GG
carried out the serological detection of GFP expression. CS, GG, KF and VN
helped with the design of the study, the correct interpretation and statistical
analysis of the data. JB participated in the design of the study and the
interpretation of the results. All authors read and approved the final
manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 27 June 2011 Accepted: 3 August 2011
Published: 3 August 2011
References
1. Rybicki EP: Plant-made vaccines for humans and animals. Plant Biotechnol
J 2010, , 8: 620-637.
2. Bendandi M, Marillonnet S, Kandzia R, Thieme F, Nickstadt A, Herz S,
Fröde R, Inogés S, Lòpez-Dìaz de Cerio A, Soria E, Villanueva H,
Vancanneyt G, McCormick A, Tusé D, Lenz J, Butler-Ransohoff JE, Klimyuk V,
Gleba Y: Rapid, high-yield production in plants of individualized idiotype
vaccines for non-Hodgkin’s lymphoma. Ann Oncol 2010, online first.
3. Dhillon T, Chiera JM, Lindbo JA, Finer JJ: Quantitative evaluation of six
different viral suppressors of silencing using image analysis of transient
GFP expression. Plant Cell Rep 2009, 28:639-647.
4. Kay R, Chan A, Daly M, McPherson J: Duplication of CaMV35S promoter
sequences creates a strong enhancer for plant genes. Science 1987,
236:1299-1302.
5. Gleba Y, Klimyuk V, Marillonnet S: Viral vectors for the expression of
proteins in plants. Curr Opin Biotechnol 2007, 18:134-141.
6. Sheludko YV, Sindarovska YR, Gerasymenko IM, Bannikova MA, Kuchuk NV:
Comparison of several Nicotiana species as hosts for high-scale
Agrobacterium-mediated transient expression. Biotechnol Bioeng 2007,
96:608-614.
7. Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC: Green fluorescent
protein as a marker for gene expression. Science 1994, 263:802-805.
Stephan et al. Plant Methods 2011, 7:25
http://www.plantmethods.com/content/7/1/25
Page 8 of 98. Heim R, Prasher DC, Tsien RY: Wavelength mutation and posttranslational
autoxidation of green fluorescent protein. Proc Natl Acad Sci USA 1994,
91:12501-12504.
9. Heim R, Cubitt AB, Tsien RY: Improved green fluorescence. Nature 1995,
373:663-664.
10. Johansen W, Stenseth EB, Wilson RC: A rapid and sensitive fluorimetric
protocol for the quantification of green fluorescent protein in soluble
protein extracts from transgenic Arabidopsis. Plant Mol Biol Rep 2007,
25:45-54.
11. Richards HA, Halfhill MD, Millwood RJ, Stewart CN Jr: Quantitative GFP
fluorescence as an indicator of recombinant protein synthesis in
transgenic plants. Plant Cell Rep 2003, 22:117-121.
12. Harper BK, Mabon SA, Leffel SM, Halfhill MD, Richards HA, Moyer KA,
Stewart CN Jr: Green fluorescent protein as a marker for expression of a
second gene in transgenic plants. Nat Biotechnol 1999, 17:1125-1129.
13. Stewart CN Jr, Millwood RJ, Halfhill MD, Ayalew M, Cardoza V, Kooshki M,
Capelle GA, Kyle KR, Piaseki D, McCrum G, Di Benedetto J: Laser-induced
fluorescence imaging and spectroscopy of GFP transgenic plants. J
Fluoresc 2005, 15:697-705.
14. Zhou X, Carranco R, Vitha S, Hall TC: The dark side of green fluorescent
protein. New Phytol 2005, 168:313-322.
15. Chiu W, Niwa Y, Zeng W, Hirano T, Kobayashi H, Sheen J: Engineered GFP
as a vital reporter in plants. Curr Biol 1996, 6:325-330.
16. Fagard M, Vaucheret H: (Trans)gene silencing in plants: how many
mechanisms? Annu Rev Plant Physiol Plant Mol Biol 2000, 51:167-194.
17. Ratcliff F, Harrison BD, Baulcombe DC: A similarity between viral defense
and gene silencing in plants. Science 1997, 276:1558-1560.
18. Silhavy D, Burgyán J: Effects and side-effects of viral RNA silencing
suppressors on short RNAs. Trends Plant Sci 2004, 9:76-83.
19. Voinnet O, Rivas S, Mestre P, Baulcombe D: An enhanced transient
expression system in plants based on suppression of gene silencing by
the p19 protein of tomato bushy stunt virus. Plant J 2003, 33:949-956.
20. Roth BM, Pruss GJ, Vance VB: Plant viral suppressors of RNA silencing.
Virus Res 2004, 102:97-108.
21. Chiba M, Reed JC, Prokhnevsky AI, Chapman EJ, Mawassi M, Koonin EV,
Carrington JC, Dolja VV: Diverse suppressors of RNA silencing enhance
agroinfection by a viral replicon. Virology 2006, 346:7-14.
22. Chiera JM, Lindbo JA, Finer JJ: Quantification and extension of transient
GFP expression by the co-introduction of a suppressor of silencing.
Transgenic Res 2008, 17:1143-1154.
23. Lombardi R, Circelli P, Villani ME, Buriani G, Nardi L, Coppola V, Bianco L,
Benvenuto E, Donini M, Marusic C: High-level HIV-1 Nef transient
expression in Nicotiana benthamiana using the P19 gene silencing
suppressor protein of Artichoke Mottled Crinckle Virus. BMC Biotechnol
2009, 9:96.
24. Ma P, Liu J, He H, Yang M, Li M, Zhu X, Wang X: A viral suppressor P1/HC-
pro increases the GFP gene expression in Agrobacterium-mediated
transient assay. Appl Biochem Biotechnol 2009, 158:243-252.
25. Regnard GL, Halley-Stott RP, Tanzer FL, Hitzeroth II, Rybicki EP: High level
protein expression in plants through the use of a novel autonomously
replicating geminivirus shuttle vector. Plant Biotechnol J 2010, 8:38-46.
26. Johansen LK, Carrington JC: Silencing on the spot. Induction and
suppression of RNA silencing in the Agrobacterium-mediated transient
expression system. Plant Physiol 2001, 126:930-938.
27. Urcuqui-Inchima S, Haenni AL, Bernardi F: Potyvirus proteins: a wealth of
functions. Virus Res 2001, 74:157-175.
28. Varrelmann M, Maiss E, Pilot R, Palkovics L: Use of pentapeptide-insertion
scanning mutagenesis for functional mapping of the Plum pox virus
helper component proteinase suppressor of gene silencing. J Gen Virol
2007, 88:1005-1015.
29. Kozlowska-Makulska A, Guilley H, Szyndel MS, Beuve M, Lemaire O,
Herrbach E, Bouzoubaa S: P0 proteins of European beet-infecting
poleroviruses display variable RNA silencing suppression activity. J Gen
Virol 2010, 91:1082-1091.
30. Stephan D, Maiss E: Biological properties of Beet mild yellowing virus
derived from a full-length cDNA clone. J Gen Virol 2006, 87:445-449.
31. Dietrich C, Maiss M: Fluorescent labelling reveals spatial separation of
potyvirus populations in mixed infected Nicotiana benthamiana plants. J
Gen Virol 2003, 84:2871-2876.
32. Troy T, Jekic-McMullen D, Sambucetti L, Rice B: Quantitative comparison of
the sensitivity of detection of fluorescent and bioluminescent reporters
in animal models. Mol Imaging 2004, 3:9-23.
33. Kong Y, Akin AR, Francis KP, Zhang N, Troy TL, Xie H, Rao J, Cirillo SL,
Cirillo JD: Whole-body imaging of infection using fluorescence. Curr
Protoc Microbiol 2011, Chapter 2:Unit 2C.3.
34. Pfeffer S, Dunoyer P, Heim F, Richards KE, Jonard G, Ziegler-Graff V: P0 of
Beet western yellows virus is a suppressor of posttranscriptional gene
silencing. J Virol 2002, 76:6815-6824.
35. Himber C, Dunoyer P, Moissiard G, Ritzenthaler C, Voinnet O: Transitivity-
dependent and -independent cell-to-cell movement of RNA silencing.
EMBO J 2003, 22:4523-4533.
36. Bortolamiol D, Pazhouhandeh M, Ziegler-Graff V: Viral suppression of RNA
silencing by destabilisation of ARGONAUTE 1. Plant Signal Behav 2008,
3:657-659.
37. Ruiz MT, Voinnet O, Baulcombe DC: Initiation and maintenance of virus-
induced gene silencing. Plant Cell 1998, 10:937-946.
38. English JJ, Davenport GF, Elmayan T, Vaucheret H, Baulcombe DC:
Requirement of sense transcription for homology-dependent virus
resistance and trans-inactivation. Plant J 1997, 12:597-603.
doi:10.1186/1746-4811-7-25
Cite this article as: Stephan et al.: Visualization of plant viral suppressor
silencing activity in intact leaf lamina by quantitative fluorescent
imaging. Plant Methods 2011 7:25.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Stephan et al. Plant Methods 2011, 7:25
http://www.plantmethods.com/content/7/1/25
Page 9 of 9